Visual orientation judgments made during body tilt (E-and A-effects), during centrifugation (oculogravic effect), and following prolonged tilt (aftereffect) are interpreted in terms of visual orientation constancy. Data from two classes of experiments, those using labyrinthine-defective subjects and those involving different combinations of posture, indicate that three systems are involved in orientation constancy. These are the vestibular otolith system and the proprioceptive systems of the neck and trunk. Although the three systems are involved in the E-, A-, and oculogravic effects, adaptation of only the neck and trunk systems generates the aftereffect.
Visual orientation to the main force direction of space is a highly developed function. Under normal conditions, the main force direction is gravity, to which there are many visual cues. When these cues are removed, as in a dark or featureless environment, visual alignment of a line to the direction of gravity is accurate (Mann, Berthelot-Berry, & Dauterive, 1949; Naylor, 1965; Neal, 1926) . Although it can be argued that the retinal meridian determines the visual vertical, this is refuted by the fact that lateral body tilt results in a close approximation between the visual and gravitational verticals (Aubert, 1861; Muller, 1916) . Further, Attneave and Olson (1967) have demonstrated that the fine discrimination of vertically orientated lines is a function of physical rather than retinal orientation.
The orientation of an object's retinal projection is equivocal in that it is jointly determined by the orientation of the object itself and that of the subject. Therefore, the stability in judgments of the visual vertical with large changes in retinal projection fits the paradigm of the perceptual constancies and may be considered as visual orientation constancy. This reasoning can be applied both for changes of body position in relation to constant force direction or changes in force direction relative to constant body position.
The purpose of the present paper is to show that in addition to the frequently mentioned otolith organs, other systems, namely those of the neck and trunk, are closely involved in visual orientation constancy, and that by modifying these latter sources of information, constancy can be modified, as with the visual aftereffect following prolonged tilt (Day & Wade, 1966) .
AUBERT-MULLER EFFECT, OCULOGRAVIC EFFECT, AND VISUAL AFTEREFFECT
The direction of force acting on the body can be varied either by tilting the body relative to a force of fixed direction or by changing the direction of force with the body in a fixed posture. Variation in apparent orientation when the body is tilted relative to gravity is referred to as the Aubert-Muller effect, and that occurring during centrifugation the oculogravic effect. In addition, it has recently been shown that following prolonged tilt of head or body, visual orientation judgments undergo change relative to judgments before tilt.
Aubert-Muller effect. The effect of head or body tilt on visual orientation judgments in the absence of a visual surround was first reported by Aubert (1861) , who noted that a gravitationally vertical line appeared tilted in the direction opposite to body tilt. Later studies by Mulder (1888) and Muller (1916) found that the reverse occurs with small angles of lateral tilt; Muller named these two directions of the effect the A-and the E-phenomenon, respectively.
The effect of body tilt on apparent horizontality is shown in Figure 1 for angles of lateral tilt between 90° left and right (based on data from Miller, Fregly, van den Brink, & Graybiel, 1965 function occurs with judgments of the visual vertical (Bauermeister, 1964) . Between the upright (0°) and a body tilt in the range 60°-80° the apparent horizontal is tilted in the opposite direction to body tilt (E-effect), and beyond 60°-80° the direction reverses so that the apparent horizontal lies in the same direction as tilt (A-effect). In different terms, an objectively horizontal line is judged as tilted in the same direction as the body for the smaller angles of tilt and in the opposite direction for greater angles. The E-effect also occurs with head tilt (Day & Wade, 1966; Witkin & Asch, 1948) , as shown in Figure 2 , but since the limit of tilt is about 40° the A-effect does not occur.
Ocidogramc effect. The oculogravic effect is a displacement of apparent visual orientation occurring when the direction of force acting on the subject is changed by centrifugation. The effect is usually measured relative to the gravitational vertical (or horizontal) and is said to approximate to the angle between the gravitational and gravitoinertial verticals (Graybiel, 1952) . If, however, the apparent vertical (or horizontal) is plotted as a function of body tilt relative to the gravitoinertial vertical, it lies in the same direction as tilt for smaller angles and in the opposite direction for greater (Graybiel & Clark, 196S) . In other words, the function is opposite to that of the Aubert-Muller effect when plotted relative to the resultant force direction. This difference in direction between the two effects as a function of tilt may be attributed in part to the different magnitudes of force under the two conditions. The effective stimulus for the shearing action of the otolith organs (Trincker, 1962 ) is a force acting tangentially to the sensory epithelium of the utricle, that is, laterally and at right angles to the head axis. This component of the force is greater during centrifugation than during tilt for force directions relative to the head beyond about 20° (Wade & Day, 1967) .
Visual aftereffect from tilt. The visual aftereffect from head or body tilt is the shift in visual orientation judgments made after a period of tilt relative to pretilt judgments. All judgments are made with head upright and the shift is in the direction of previous tilt. In the case of head tilt, the effect increases up to about 30° tilt as shown in Figure 3 and develops and dissipates over time exponentially in a way similar to the more intensively studied kinesthetic and visual aftereffects (Wade & Day, 1968b) . McFarland and Clarkson (1966) found aftereffects for the visual verti- cal of approximately 1.5° following over SO minutes body tilt at 20°, 30°, and 40°.
VISUAL ORIENTATION CONSTANCY Perceptual constancy refers to the relative stability of judgments of object properties, such as size and shape, with changes in the retinal projections. Visual orientation constancy refers to the relative stability of orientation judgments with changes in retinal orientation produced by tilt or centrifugation. For example, the visual vertical is located close to the gravitational vertical during body tilt even though the object's retinal projection is tilted relative to the retinal meridian.
The E-and A-effects are instances of overand underconstancy, respectively. As an example of the E-effect, a body tilt of 30° right results in locating the visual vertical about 4°i n the direction opposite to tilt (Figure 1 ). That retinal meridian that is normally vertical for an upright subject is rotated by approximately the same degree so that the visual vertical is located some 34° counterclockwise of this meridian (neglecting ocular countertorsion). Perfect constancy would be indexed by correspondence between the visual and gravitational verticals, namely with the retinal projection of the visual vertical rotated 30°c ounterclockwise of retinal meridian. Zero constancy would be correspondence between the visual vertical and retinal meridian. Since the E-effect is in the direction opposite to tilt, it can be considered as overconstancy. Contrariwise, the A-effect is an example of underconstancy. The E-and A-effects as instances of orientation constancy have been recognized by Wapner and Werner (19S7) , Teuber (1960) , and Wade (1968) .
Similar reasoning can be applied to the oculogravic effect, taking the gravitoinertial force direction as the reference.
Zero constancy is rarely, if ever, observed in normal subjects. There is invariably a tendency for the visual vertical to be judged more in the direction of the force operating than in the direction of the retinal meridian. Therefore, it can be assumed that information for body posture is utilized in visual orientation judgments. For this reason, the mechanisms associated with the E-, A-, and oculogravic effects can be treated as those which serve to maintain visual orientation constancy with changing orientation of the retinal projection.
The mechanisms providing information for body posture can be considered in terms of the main articulation system of the body, that is, the neck. The otolith organs of the vestibular system signal the orientation of the head relative to force direction. The position of the head in relation to the trunk is indicated by receptors in the neck. Pressure receptors in the skin and viscera, most probably together with other specific receptors, signal trunk posture relative to force direction.
The following analysis of the E-and A-, and oculogravic effects, and the aftereffect is made in terms of these three main sensory systems. Evidence for their involvement in the effects is reviewed.
INVOLVEMENT OF VESTIBULAR AND PROPEIOCEPTIVE SYSTEMS

Effects with Body Tilt
Although the otolith organs of the vestibular utricle have been considered to play a primary role in both the Aubert-Muller and oculogravic effects, recent data have indicated clearly that afferent systems of the neck and trunk are intimately involved. Vestibular system. When the body is tilted or a gravitoinertial force is imposed, the otolith organs respond with a lateral shearing action. Evidence for the role of these organs in visual effects under conditions of tilt and centrifugation derive mainly from experiments with labyrinthine-defective (L-D) subjects. Since otolith activity is either markedly reduced or absent in such cases, it follows that if these structures contribute to the visual effects, there will be differences between normal and L-D subjects, assuming that other systems have not compensated for the absence of vestibular information. Miller and Graybiel (1966b) showed that when visual background cues were present there was no difference between normal and L-D subjects in adjusting a line to horizontality in upright, recumbent, and inverted postures. When only the line was visible, the apparent horizontal of the L-D group deviated significantly further from objective horizontality than did the normals in the upright and recumbent, but not the inverted, postures. In particular, the A-effect for the L-D group was considerably greater than that for the normal subjects while in the recumbent posture. The results of this study were confirmed by Miller and Graybiel (1966a) in one condition of another study. Two L-D subjects exhibited the A-effect at tilts beyond about 30°l eft and 10° right, whereas the normals showed the E-effect. However, the two subjects showed abnormally high errors in the upright posture even for L-D subjects. Graybiel (1956) found that healthy subjects and those with a single functioning labyrinth reported the oculogravic effect during centrifugation. Of nine bilaterally L-D subjects, two exhibited the illusion and seven did not. This difference between normal and L-D subjects was substantially confirmed in subsequent investigations (Clark & Graybiel, 1966c; Graybiel & Clark, 196S; Miller & Graybiel, 1966a) . In the last study, the apparent horizontal for a small group of L-D subjects differed markedly from that of normals as the magnitude of the gravitoinertial force was varied between 1 and 2g. With increases in the gravitoinertial force, the apparent horizontal of the two L-D subjects rotated in the direction of the E-effect and then in that of the A-effect, while that of the eight normals rotated increasingly in the direction of the E-effect.
Proprioceptive systems of neck and trunk. Wade (1968) , using apparatus which permitted independent tilting of head and body in both directions, investigated change in apparent verticality under seven conditions: body upright, body tilted 30° left and right, head tilted 30° left and right, and trunk tilted 30° left and right. These seven postures are depicted in Figure 4 together with the mean apparent verticals based on adjustments to apparent verticality under each condition by thirty subjects. When the body was tilted and the head alone tilted, the E-effect occurred, that is, the apparent vertical was opposite in direction to tilt. When the head was upright and the trunk tilted, the apparent vertical lay in the same direction as trunk tilt. In terms of stimulation of the neck and trunk systems, left trunk tilt stimulates the neck as in right head tilt and the trunk as in left body tilt. Since these are operating in opposite directions in head and body tilts, and the effects from head tilt are greater than those from body tilt, the trunk tilt effect would be expected in the direction predicted by neck stimulation. Also, it would be approximately equal to the algebraic sum of the effects from the appropriate head and body tilts, assuming that right and left otolith stimulation is equal and opposite.
The two findings of greatest significance from Wade's (1968) investigation are the relative sizes of changes in the apparent vertical (compared with that for the upright condition) and the occurrence of a change with head upright and trunk tilted. With head upright and trunk tilted, the force acting on the otolith organs is the same as when the head and trunk are upright. The change in apparent verticality under this condition cannot, therefore, be attributed to otolith function, and must be due to neck and trunk stimulation.
Using essentially similar postures, but postures actively maintained by the subject, Clark and Graybiel (1967) found no systematic effects with the various tilts in either normal or L-D subjects. This virtual disappearance of the E-effect with tilt of the head and upper part of the body is contrary to the findings of Werner, Wapner, and Chandler (1951) , that the effect with unsupported tilt was greater than for supported tilt. That the differences between normal and L-D subjects disappear under active tilt indicates that proprioceptive systems are operating to provide the orientation information.
Other sources of evidence for the involvement of nonotolithic systems in visual orientation are the shifts in orientation judgments with galvanic and mechanical stimulation of the neck muscles (Aarons & Goldenberg, 1964; Schneider & Hartley, 1962) and somesthetic imbalance in hemiplegic patients (Birch, Bellmont, Reilly, & Bellmont, 1962) .
The above studies have concerned body tilt relative to gravity. However, recent investigations have involved body tilt relative to the gravitoinertial force direction, thus increasing the force magnitude operating. Under these conditions the E-effect is increased (Correia, Hixon, & Niven, 1965; Miller & Graybiel, 1966a; Schone, 1964; Schone, Parker, & Mortag, 1967) . The functions obtained cannot be accounted for simply in terms of the lateral force operating on the utricular otoliths, since equal shear components produced different effects under the two conditions. It is suggested that the difference is due to the involvement of either the saccule or proprioceptive systems under increased force magnitude.
Neurophysiological evidence (Cohen, 1961; McCouch, Deering, & Ling, 1951 ) strongly suggests that receptors in the joint capsules of the cervical vertebrae provide information for head posture relative to the trunk; and in addition to the diffuse pressure receptors in the skin, Pacinian corpuscles have been located in the viscera (Gray & Malcolm, 1950) .
Although the evidence suggests the participation of these receptors and their associated structures in the effects, their specific action has yet to be demonstrated. Despite the lack of evidence concerning the specific mode of functioning, for present purposes it is sufficient to consider the effects in terms of systems of the labyrinth, neck, and trunk. Further support for the role of these systems in visual orientation constancy derives from studies of the visual aftereffect following tilt.
Aftereffect from Prolonged Tilt
Using the same seven conditions described previously in connection with the effects occurring during tilt, Wade (1968) found that a visual aftereffect occurred following prolonged tilt in all conditions excepting that of body upright. The results of this experiment are shown in Figure 4 . For each condition, the visual aftereffect was opposite in direction to the visual effect, and the aftereffect following a period of head tilt was greater than that following both body and trunk tilt. Moreover, the hypothesis that the aftereffect following trunk tilt would be of the same magnitude as the algebraic sum of the aftereffects following the appropriate head and body tilts was accepted for both directions of tilt. The condition could hold either if the otolith system was not involved in the aftereffect or if the contributions from the right and left otoliths during the same degree of tilt were equal and opposite. Data from another experiment with the visual aftereffect indicate that the former is most probably the correct hypothesis.
Prolonged head tilt relative to the upright body stimulates the otolith and neck systems, with a resultant visual aftereffect on returning the head to the vertical. However, head tilt relative to the supine body stimulates only the neck system, since the otolith organs remain in the same position relative to gravity. Using both of these conditions, found that the magnitude and direction of the aftereffect were approximately the same. Since the neck system was the only one involved under both conditions, it was concluded that the aftereffect results from adaptation of receptors in the neck, and that the otolith system does not adapt with pro- longed tilt. Extrapolating to the aftereffect from body tilt, it is inferred that receptors in the trunk adapt, modifying visual orientation constancy.
It can be argued that the visual aftereffect is the result of the proprioceptive aftereffect following tilt; that is, after a period of lateral head tilt, the upright head is perceived as tilted in the direction opposite previous tilt, and, therefore, a vertical object in alignment with the head would also appear tilted. However, it has been found that the two aftereffects follow different functions with increasing head tilt and are most probably independent (Wade & Day, 1968a) .
A further experiment, which has not been reported previously, indicates that the otolith system is minimally involved in the aftereffect from prolonged tilt. Extending the "additive hypothesis," that the aftereffect produced by trunk tilt is equal to the algebraic sum of those from the same direction of body tilt and opposite head tilt (Wade, 1968) , it was predicted that the aftereffect produced by 15°r ight head tilt plus that from 15° right body tilt would equal the aftereffect from a combination of 15° head tilt and 15° body tilt. In the combined posture, the head is tilted 15" relative to the trunk, which is in turn tilted 15° from the vertical. If the otolith system were not operating in the aftereffect, then the prediction would be supported.
The apparatus was the same as that used by Wade (1968) , which permitted independent tilting of the head and trunk. Aftereffects were obtained following a 2-minute tilt in each of the above three postures from 12 subjects. For each subject the aftereffect from 15° head tilt was added to that from 15°b ody tilt, and the aftereffect from the combined 15° head and 15° body tilt condition was subtracted from this sum. This computation indicated the degree of discrepancy from the predicted magnitude of zero. The results are shown in Figure 5 . The aftereffects produced by prolonged head, body, and head plus trunk tilt are all significantly different from zero. The aftereffect from head tilt was greater than that from body tilt, and prolonged head and trunk tilt yielded the largest aftereffect. The sum of the aftereffects from head and body tilt minus that from the combined head and trunk tilt yielded a small but nonsignificant outcome (t -1.29, df = 11, p > .05), thus supporting the hypothesis that the otolith system is not involved in the aftereffect following prolonged tilt.
In conclusion, visual orientation judgments are made accurately with the head and body in the upright position. Following prolonged head or body tilt, judgments made with the upright head or body shift in the direction of prolonged tilt, even though the eyes have been closed during the tilt. This aftereffect does not appear to be influenced by the otolith system but to be produced by adaptation of receptors located in the neck or trunk.
Oculogravic Effect
When considering only force direction, the effects of body tilt and centrifugation are the same, since tilt changes body position in relation to a fixed force direction and centrifugation changes force direction relative to fixed body position. However, centrifugation increases the magnitude of the force operating. It has been pointed out that this increase results in different components of the force acting laterally on the body and therefore on the otolith organs (Wade & Day, 1967) . This difference in the effective stimulus for the otolith organs may account for the different psychophysical relations that have been found with orientation judgments made during body tilt compared with those made during centrifugation.
The oculogravic effect is typically measured from the gravitational reference (Graybiel, 1966) , and hence it has generally been referred to as the oculogravic illusion. However, as indicated previously, it is considered more meaningful to measure the effect relative to the gravitoinertial force direction. From the viewpoint of the gravitoinertial environment, perfect orientation constancy would occur if the subject located the visual vertical or horizontal in correspondence with the gravitoinertial vertical or horizontal since this is the only source of orientation information.
1 Normal subjects usually respond in approximately this manner. Locating the visual horizontal closer to body position than the gravitoinertial horizontal results in underconstancy, and that in the opposite direction is overconstancy.
Zero constancy during centrifugation would be indexed by adjustments of the line to the median plane of the body. In the centrifuge situation, L-D subjects generally adjust a line of light close to the gravitational horizontal, thus exhibiting a high degree of underconstancy (but rarely zero constancy).
That the otolith system is involved in the oculogravic effect is clear from the differences between normal and L-D subjects under centrifugation. However, to consider the effect as a specific indicator of otolith function (Graybiel, 19S6; Graybiel & Clark, 1965) suggests that no other systems are involved. Those subjects who are assumed to have no otolith function do show a small oculogravic effect, or some degree of constancy, indicating that they are utilizing alternative sources of orientation information. As the oculogravic effect has been typically measured with the subject seated, it can be inferred that the information is derived from proprioceptive systems within the trunk. That the L-D subjects can adjust themselves to the postural vertical with accuracy similar to that of normal subjects is evidence for the utilization of trunk proprioceptive information (Clark & Graybiel, 1963) .
Prolonged body tilt produces an adaptation effect (McFarland & Clarkson, 1966) and an aftereffect (Wade, 1968) ; therefore, some similar adaptive change would be expected during and after prolonged centrifugation. With up to 4 hours centrifugation there is no change in the oculogravic effect in normal subjects (Clark & Graybiel, 1962 , 1966c Graybiel, 1956 ) and no aftereffect was found following 4 hours rotation (Clark & Graybiel, 1962) . However, when considering the mechanics of centrifugation, it is unlikely that one would be expected. Early studies were concerned with minimizing the involvement of the semicircular canal system (which responds to angular acceleration) in an effect considered to be due to the otolith system (which responds to linear acceleration). Consequently, the centrifuge was accelerated very slowly to reach the required angular velocity. It has been shown that the aftereffect from prolonged head tilt develops rapidly, and, therefore, during slow acceleration the proprioceptive receptors in the trunk would probably adapt. Similarly, a slow deceleration rate would permit dissipation of the aftereffect. The aftereffect from head tilt is greater than that from body tilt. It is likely, therefore, that the latter aftereffect would more rapidly dissipate to levels which make its measurement difficult. For these reasons, it is not unexpected that no aftereffect was found following prolonged centrifugation.
More recent studies of the oculogravic illusion have involved very rapid acceleration to the required angular velocity with consequent stimulation of the semicircular canals. This produced a lag effect which could also mask any adaptive effects of the trunk proprioceptors, since its magnitude was much greater than the aftereffect expected under those conditions (Clark & Graybiel, 1966a) .
The large difference between normal and L-D subjects at the beginning of centrifugation disappears after about 1 hour of rotation (Clark & Graybiel, 1966c) , indicating that orientation information is recruited from nonotolithic receptors. This proprioceptive information is possibly qualitatively and quantitatively different from that adapted out during prolonged body tilt, since the aftereffect in normal subjects is of the order of l°-2°, whereas the adaptation effect shown by the L-D subjects is of about 6°. Further, the adaptation effect found during prolonged body tilt in normals reduces orientation constancy, whereas that in L-D subjects increases it. It is, therefore, either that the adaptive systems operating in L-D subjects are different from those producing the aftereffect in normal subjects or that the processing of the information from these systems is different in the two groups. Moreover, it is likely that there is a learning history associated with loss of labyrinthine function, as Brandt (1962) found differences between vestibular defective patients upon, and 3 months after, hospitalization.
When the oculogravic effect is measured with the subject maintaining his own position relative to the resultant force, the difference between normal and L-D subjects disappears, suggesting that either contact cues or muscular involvement or both can be used equally by both groups (Clark & Graybiel, 1966b ). In the condition most similar to that normally used during centrifugation (subject with head and torso aligned with gravity), a greater degree of underconstancy was found for the normal group than has been found with passively seated subjects.
The oculogravic effect, though considered an indicator of otolith function, is clearly influenced by proprioceptive systems also. Unlike the visual effect and aftereffect consequent on tilt, the contributions of the proprioceptive systems are not adequately quantified, mainly because of the mechanical problems involved in using the human centrifuge.
SUMMARY AND CONCLUSIONS Under conditions of head and body tilt, the judged and physical orientation of objects in an otherwise featureless environment are in close correspondence, even though the orientation of the retinal projection varies widely. While at more extreme angles of tilt, judged orientation tends in the direction of retinal orientation (underconstancy), at smaller tilts it tends in the direction opposite to that of the retinal image (overconstancy). Although the biological significance of visual orientation constancy is clear, there has so far been little recognition of the mechanisms involved other than the otolith system of the utricles. However, data from experiments concerned with the effects and aftereffects of head, body, and trunk tilt, and from experiments employing centrifugation indicate that proprioceptive systems associated with the neck and trunk play a major role in the maintenance of constancy.
That the gravity sensitive otolith organs are involved is clear mainly from experiments involving L-D subjects. The occurrence of the A-effect with these subjects for angles of tilt at which normals exhibit the E-effect indicates that lack of otolith function results in underconstancy rather than the normally occurring overconstancy. This trend toward underconstancy by L-D subjects is more marked during rotation in a centrifuge, if correspondence between the judged and gravitoinertial vertical is accepted as perfect constancy. Compared with normal subjects, in the centrifuge, L-D subjects generally set a line closer to the gravitational rather than the gravitoinertial horizontal.
Evidence for the part played by nonlabyrinthine mechanisms in visual orientation constancy derives principally from experiments in which the head, body, and trunk have been tilted in various combinations. Independent tilting permits comparison between pairs of mechanisms in the labyrinth, neck, and trunk and indicates the relative contributions of the three systems. The occurrence of an effect with head upright and trunk tilted, a condition in which the otolith organs are not differentially stimulated, shows clearly that trunk and neck mechanisms contribute to visual orientation constancy.
It is reasonable to assume that prolonged stimulation with consequent adaptation of the various systems involved will result in some modification of constancy. Prolonged head, body, or trunk tilt does in fact give rise to modifications in visual judgments of orientation after the head and trunk are returned to the upright. The data from experiments on the visual aftereffects of tilt indicate that the proprioceptive systems of neck and trunk are modified by prolonged stimulation, but that the otolith system is not. First, the aftereffect from head tilt with the subject supine, a posture in which the otoliths are not subjected to lateral shear, is the same as that from head tilt in the upright posture. Second, the sum of the two aftereffects from head tilt and body tilt is the same as that from combined head and trunk tilt at identical angles. It can be concluded that, while the otolith system is intimately involved in the maintenance of orientation constancy, loss of constancy following prolonged tilt is due to adaptation of the neck and trunk systems and not that of the otolith system. A general conclusion that can be drawn from experiments concerned with the visual effects and aftereffects of tilt and the effects of centrifugation is as follows: The retinal representation of object orientation is equivocal in that it is jointly determined by both the subject's posture and object tilt. In order to resolve perceptually this equivocality, information for posture is necessary. Postural information is derived from stimulation of the otolith organs of the labyrinth and proprioceptive systems in the neck and trunk. Loss of otolith function results in perceptual resolution of object orientation in the direction of retinal orientation. Prolonged tilt results in adaptation of the proprioceptive systems of neck and trunk with consequent changes in visual judgments of orientation. In short, impairment of function due to either defect or adaptation gives rise to underconstancy in visual orientation.
